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Introduction
In human and non-human primate (NHP) brains, messenger RNA and microRNA expression patterns change profoundly and coincidently during post-natal development, maturation and aging (Dannemann et al., 2012; Hu et al., 2011; Somel et al., 2010 Somel et al., , 2011 . Consequently, it has been widely anticipated that analysis of changes in gene expression in cortical and subcortical brain regions of NHP, particularly those associated with executive function and emotional control in the fronto-limbic circuit, might yield mechanistic insights into many important human disorders. These disorders could include entities as diverse as posttraumatic stress disorder (PTSD) (Admon et al., 2013; Choi et al., 2011; Myers et al., 2013; Taghva et al., 2013) , major depressive disorder (Badawy et al., 2013; Engel et al., 2013; Godsil et al., 2013; Lozano et al., 2008; Seminowicz et al., 2004; Sibille et al., 2004) , autism spectrum disorders (Gotts et al., 2012) , schizophrenia (GuillozetBongaarts et al., 2014; Lee, 2013; Penzes et al., 2013) , and dementias associated with Alzheimer Disease (Grieve et al., 2005; Kensinger et al., 2002 ), Parkinson's Disease (Bonelli and Cummings, 2007; Ibarretxe-Bilbao et al., 2008) , and cognitive decline (Arnsten et al., 1995) . However, very little is known regarding the genomic and epigenomic signatures characterizing individual components of the healthy fronto-limbic circuit, and how they might change as a function of age. We have therefore reasoned that there might be an operational advantage to focusing experimental attention on the NHP brain. Importantly, the time between death and availability for preservation can be minimized, and precisely controlled. By contrast, this is seldom true for the human brain, whether diseased or healthy, and circadian considerations also impact profoundly on the human brain transcription profile (Li et al., 2013) . However, since human and NHP brain genomes in the superior frontal gyrus precisely parallel each other over the individual NHP and human lifespans (Somel et al., 2010) , we have reasoned that there would be a great advantage to developing methods to isolate discrete frontal and limbic NHP brain regions, while at the same time preserving high quality RNA for genomic and epigenomic analysis.
The transcription profile changes as a function of age in a region-specific manner in both rodent cortex (Inukai et al., 2012; Lee et al., 2000; Loerch et al., 2008; Zahn et al., 2007) , and human cortex (Erraji-Benchekroun et al., 2005; Hu et al., 2011; Lu et al., 2004) . However, few parallels have been identified when directly comparing gene expression changes in brains from human and other species. In the only study of this kind of which we are aware, Somel et al. (2010) ) were able to map parallel developmental and aging changes in microRNAs (miRs) and messenger RNAs (mRNAs) in gross samples of the surface-accessible superior frontal gyrus from frozen postmortem brains of healthy Rhesus macaque, and in the same region which had been dissected from frozen healthy human brains obtained from an NICHD/NIH-sponsored repository of frozen human brains. Relevantly, the major changes in gene expression in NHP and human superior frontal gyrus coordinately change with age when differences in lifespan are taken into account (Somel et al., 2010) . However, it is not known to what extent other parts of the brain parallel these findings, including components of the fronto-limbic circuit, Furthermore, inasmuch as most repositories of diseased and control human brains are often available only in an intact, frozen state, it is a challenge to access and isolate centrally located brain regions. In addition, the time of death for humans, especially "controls", is seldom known with certainty. For example, deaths from heart attack or stroke in otherwise psychologically healthy humans often occurs after midnight. By contrast, suicides usually occur during the day, when timing is more certain (Li et al., 2013) . It is therefore the purpose of this paper to describe a workflow for the frozen NHP brain that not only solves the microdissection problem for deeper brain structures, but also yields high quality RNA that can be used to identify quantitative, region-specific gene expression from within the fronto-limbic circuit.
Our strategy has been to build on our personal experiences with atlas-assisted isolation of discrete regions of fresh rodent brains (Jacobowitz, 1974; Palkovits, 1973) , and fresh or fixed human brain (Jacobowitz et al., 1994 ). However, as described above, substantial changes in approach needed to be developed for microdissecting large frozen intact brains. In the case of brains from small rodents, we previously developed the Jacobowitz Brain Block ™ (Jacobowitz, 1974) . Here, we describe a new brain block, specifically designed for the NHP brain, that can be deployed for physically slicing of either fresh or frozen intact brains into a series of rostral-tocaudal 3 mm slices. Specific regions of frozen brain can then be further microdissected, and micropunched, to isolate specific cortical and subcortical regions of the brain, while also preserving high quality RNA. Having verified that the method generates intact, high quality RNA, we addressed the following: (1) whether fronto-temporal regions from different NHPs yield quantitatively similar levels of RNAs: we find r-values of 0.9 or better for two NHP brains of similar age; (2) whether RNA signatures can be identified that distinguish between Brodmann Area 25, anterior cingulate cortex (ACC), amygdala and hippocampus: we developed an algorithm to answer this question using RNASeq data from nextgeneration transcription profiling; (3) whether regionspecific RNA signatures have functional significance: the data emphasize dopamine receptor and NFκB signaling in Area 25; LXR/RXR signaling in the ACC; semaphorin and glutamate receptor signaling in amygdala; and long term potentiation (LTP), NMDA signaling, bipolar depression and temporal lobe epilepsy in hippocampus. It is as if the algorithm "automatically" picks out RNAs which characterize the most important individual functions of these regions relative to others in the fronto-limbic circuit. We suggest that this new approach to developing region-specific RNA signatures provides a novel strategy for identifying new mechanisms in fronto-limbic system biology which we anticipate underlie normal development, aging and disease in the human brain.
Results

Design of the NHP Brain block and knives for cutting rostral to caudal slices
The primary objective of this workflow has been to obtain suitable material from specific brain regions of post-mortem primate brain for transcription profiling. Our first step, therefore, was to develop a NHP brain slicer. This slicer is a smaller version of our human brain slicer (Jacobowitz et al., 1994) , which consists of a series of 3 mm thick acrylic plates (see Fig. 1a ). The plates have clearance for the movement of rectangular knives (18 Â 14 cm) which have been machined from 0.019 in. thin stainless steel sheets, and sharpened on one edge. Two 0.5 cm diameter holes have been drilled through all the plates, below where the brain cavity has been machined, through which two 0.5 mm diameter stainless steel rods, threaded internally at both ends to accept screws that clamp the assembly together. As also seen in Fig. 1b , the assembled plates are engraved with consecutive numbers, suitable for anatomical reference.
2.2.
Preparing the fresh and frozen, intact brain for cutting 6 mm rostral to caudal coronal slices
The optimum freezing protocol for NHP brain is to immerse it in powdered dry ice, and to transfer it to the À80 1C freezer. However, when brains are obtained from a distant source, it will have been shipped in dry ice. So, this is where our protocol begins: the frozen brain is transferred to a À20 1C freezer for 3 days (e.g., Friday to Monday), to increase the temperature. The next step is to transfer the brain to a cryostat set at À 6 to À10 1C, and leave it there for 5 h. Finally, the brain is placed in the NHP brain block (see Fig. 1b ventral surface is up, and the long axis is perpendicular to the coronal plates in the block. The brain is cut in a rostral-caudal direction. Parallel frontal slices of the brain are made at intervals of 6 mm (or any dimension of choice). In addition, the entire brain can be slightly shifted rostro-caudally along the cortical surface until the desired coronal angle of slice preparation is reached. Importantly, fresh NHP brains can be handled exactly as described for the frozen brains, without the preliminary À 80 1C, À 20 1C, À 6 1C to À 10 1C sequence of steps. However, immediately following the slicing procedure, fresh brain slices are laid out on thin metal plates (see Fig. 1c ), and processed with powdered dry ice as described below.
2.3.
Cutting the frozen, intact brain into 3 mm rostral to caudal coronal sections A series of slicing blades ("knives") are first equilibrated in an oven, maintained at a temperature of 75 1C. As shown in Fig. 1a , the first knife serves as a "fence" to maintain the shape and position of that portion of the brain positioned in the brain block. A slight pressure forward is placed at the caudal end of the brain with the fingers of one hand, which serves to provide rigidity to the brain. Simultaneously, with the other reinforced gloved hand holding the knife, a downward sheering action of the knife produces the slice. Each brain slice, with its own knife, is retained in the block while a series of slices are made. The knives are then serially removed with the brain slice contained on the surface of the plate knife. By rotating the block 901, the knives are kept parallel to the surface of the table, thus facilitating the removal of individual slices without slippage. As shown in Fig. 1c , the slices can be arranged sequentially on aluminum plates. Each plate containing the slices is then quickly covered with large amounts of powdered dry ice. After one minute, the dry ice is removed with a brush, and the entire tray, holding the brain slices, is placed in a Ziploc™ bag and stored in the À80 1C freezer.
2.4.
Using a stereotaxic atlas of the NHP brain to identify chosen brain regions
The sequence of steps to be followed depend on what regions of the brain are of interest. In the present case we have been interested in regions associated with the fronto-limbic circuit, thought to be associated with executive function and emotional control. We have therefore focused specific attention on the Medial prefrontal cortex (Area 25), anterior cingulate cortex (ACC), amygdala (AMG), and hippocampus (HIPPO). As shown in Fig. 1d -g, we used the Saleem stereotactic atlas (Saleem et al., 2008; Saleem and Lonjothetis, 2012) to identify gross regions where these structures are found, and we have outlined likely regions with the fine tip of a twin tip Sharpie™ marker. We then used a high speed Dremel drill to remove the segments of brain to sizes suitable for mounting and further sectioning in the cryostat.
2.5.
Isolation of specific brain regions by micropunch
The macrodissected 6 mm slices were then mounted on cryostat chucks with OCT compound, and further sectioned into 300 μm (0.3 mm) thick sections. These latter sections, starting approximately 1 mm away from the sliced surface, with relevant structures, were then placed on glass slides in the cryostat. The slides were removed from the cryostat and slices thawed momentarily and quickly frozen on powdered dry ice. When sufficient sections had been cut and placed on slides, the specific regions of interest were punched out with a 1 mm diameter canula. Forty micropunches are collected from each brain region, and blown directly into 350 μL of Qiazol Lysis Reagent (Qiagen, Valencia, CA). The remainder of the slides, and the tissue blocks, were then returned to the À80 1C freezer.
2.6. Pure high integrity RNA yield from micropunched primate brain regions After Isolating total RNA from microdissected brain regions, samples were quantitatively analyzed by absorbance at 230 nm, 260 nm and 280 nm to assess sample concentration and nucleic acid purity. As summarized in Fig. 2a (Male brain #1) and Fig. 2b (Male brain #2), sufficient amounts of total RNA (4500 ng) with suitable yield (4 66 ng/μL and purity (42.0 260/280 ratio) were observed from all brain regions sampled. Integrity of the isolated RNA samples from the post-mortem tissue was also observed to be suitable by automated electrophoresis analysis (RNA integrity numbers Z8.0). Fig. 2c shows representative electropherograms for each region in Male Brain #1. A digital "gel" image of the distribution in each "lane" of the labchip is also shown (Fig. 2c-a) . The twin primary peaks in each "lane" represent 18S and 28S ribosomal RNA subunit presence and are utilized for RNA integrity assessment. In the representative example shown, total amounts of total RNA in different brain regions were in the range of ca. 10 μg. Similar yields were observed for RNA isolated from 14 different NHP brains (Fig. 2d) , of which 2 are the frozen samples further analyzed here, and 12 of which are from acutely obtained non-frozen NHP brains, which will be described elsewhere. We conclude that this new technique for RNA isolation yields high quality RNA from either frozen or acutely dissected NHP brains.
2.7.
Transcriptome profiling of primate Area 25, anterior cingulate cortex, amygdala and hippocampus
The informative extent of tissue material from primate brain regions by our workflow was assessed utilizing RNA-seq. Fig. 2d summarizes the sequencing metrics for analysis of mRNA transcript abundance in different brain regions from the NHP fronto-limbic circuit. The numbers (#1 or #2), following the names of the brain regions, refer to sources in brains from either NHP #1 or #2, described in Fig. 2a and b, respectively. The reads passing the quality filter of data obtained from the Illumina GIIx is a function of multiplexing efficiency after pooling indexed samples, and sequencing depth was aimed for approximately 20 million reads and at least 12 million reads per sample. Alignment of reads to the Rhesus macaque reference genome build resulted in 82-84% of reads aligned for NHP #1 independent of region or sequencing depth. Interestingly, we observed 72-78% aligned reads for NHP #2 independent of region or sequencing depth. Overall 72-84% aligned read results are less than anticipated as compared to alignment with well annotated human, mouse or rat reference genome builds and is suggested to be a result of missing gene models annotated in the draft MMUL 1.0 reference genome build (Zhang et al., 2012) . However, despite non-optimal alignment efficiency using the draft Rhesus macaque genome build, the sample data yielded accurately detectable transcript abundance counts from 7845 to 9937 transcripts for brain regions of NHP #1 and from 6331 to 8826 transcripts for brain regions of NHP #2. Furthermore, the correlation between all paired NHP #1 and NHP #2 brain region samples for FPKM values of transcript abundance counts have an r-value 40.9 suggesting that differences in aligned read efficiency and transcript detection are only moderately significant at this sequencing depth using a draft genome build. This result also indicates a high statistical correlation between absolute numbers of specific RNA molecules in identical regions in the two NHP brains.
2.8.
Functional annotation of the Brodmann Area 25 RNA signature significant signaling pathway in this region is Dopamine Receptor Signaling, followed by IGF-1 Signaling. Consistently, Dopamine Receptor D2 (DRD2, #12), a gene involved in cognitive decline (Arnsten et al., 1995) , and Dopamine Receptor D5 (DRD5, #16), a gene critical for object recognition memory (Saleem et al., 2008) are highly expressed. Other significant Dopamine Receptor categories in the IPA analysis are Dopamine-DARPP32 Feedback in cAMP signaling and G-Protein Coupled Receptor Signaling. Therefore, Area 25 has a profound functional association with Dopamine Receptor signaling processes. A further crucially important brain-specific connection to both Dopamine Receptor function and IGFBP2 is aspartoacylase (ASPA, #19). This enzyme synthesizes N-Acetyl-aspartic acid (NAA), the brain's principal form of acetyl-coA (activated acetate). The mRNA is expressed in neurons, but the metabolic product, NAA, is transferred to glia for use in either myelin lipid synthesis or ATP synthesis (Arun et al., 2010) . Antipsychotic drugs such as haloperidol and clozapine, which bind to dopamine receptors, also increase levels of NAA in human neurons (Arun et al., 2008) . The RNA signature for Area 25 thus automatically identifies functional elements linking dopamine receptors and glucose metabolism, already known from recent literature.
To further test for interactions that might functionally interconnect the significantly expressed RNAs in Area 25, we used the unbiased IPA algorithm to identify the Top Networks. Fig. 3b shows Top Network (1), in which many of the RNAs in Area 25 are present, and are coded red, meaning elevated in expression. The hub-and-spoke analysis (Fig. 3c) identifies at least 6 highly populated hubs. Of these, NFκB attracted further attention due to the fact that NFκB, p65 directly drives expression of nearly 874 genes in the human genome (Yang et al., 2013) . Fig. 3d , shows that NFκB provides an integrating mechanism for at least 9 of the top 24 RNAs in Area 25. In the case of DRD2, the interaction of DRD2 with a dopamine ligand activates NFκB signaling (Yang et al., 2003) . In turn, NFκB binds to a κB sequence in the DRD2 promoter and drives expression of DRD2 (Bontempi et al., 2007) .
In the case of other RNAs in Area 25, the #2 gene is insulin-like growth factor binding protein 2 (IGFBP2), which is linked to an integrin/integrin-linked kinase/NFκB signaling pathway (Holmes et al., 2012) . Other genes driving NFκB/ RELA/p65 include CD9 (#5: tetraspanin Suzuki et al., 2009 ); CDC42 (#8: Hwang et al., 2012; Perona et al., 1997) ; TYMS (#9: TS, thymidine synthase; Wang et al., 2004) ; RELT (#21,TNFR; Sica et al., 2001) . Indirectly, DRD2 also binds to RGS9 and targets it to lipid rafts in brain (Celver et al., 2012) . SEPPI, the #1 mRNA in Area 25, is a selenium transport protein, an isoform of which SEPPI suppresses NFκB activation by action on the glucocorticoid receptor (Rock and Moos, 2009 ). As further shown in Fig. 3b , other hubs in the Area 25 interactome connect to NFκB, suggesting an even closer relationship between NFκB and Area 25 function.
2.9.
Functional annotation of the anterior cingulate cortex (ACC) RNA signature Table 2 shows the top 13 RNAs that are elevated in the anterior cingulate cortex (ACC), compared with expression of the same b r a i n r e s e a r c h 1 6 0 0 ( 2 0 1 5 ) 4 2 -5 8
RNAs in Brodmann Area 25, amygdala and hippocampus. Fig. 4a shows the top signaling pathways to be LXR/RXR activation, atherosclerosis signaling, and PPARα/RXRα activation, all of which directly interface with metabolism of apolipoprotein A1, and other A-isoforms (Wang et al., 2014) . LXR (liver X receptor) is activated by oxysterol ligands, and forms a heterodimer with RXR (retinoic X acid receptor). The mRNAs for these receptors are significantly reduced in the postmortem dorsolateral prefrontal cortex/anterior cingulate cortex (ACC) from elderly depressed patients who did not die from suicide (Qi et al., 2013) . Thus they may play an important role in ACC function. The Top Network (1) in Fig. 4b emphasizes predicted multiple interactions with apolipoprotein A isoforms. Cerebral hypoperfusion in rats has been reported to directly impact on levels of LXR/RXR signaling and apolipoprotein A1 levels (Wang et al., 2014) . It has also been suggested that elevated apo-A1 in the forebrain may have neuroprotective properties by decreasing amyloid beta secretion (Koldamova et al., 2003) . However, Fig. 4c emphasizes the fact that 5 of the 13 amygdala-specific RNAs code for novel or uncharacterized protein coding genes, and that another codes for a novel pseudogene. Thus almost half of the RNAs making up the specific ACC RNA signature are proteins with no known function. Nonetheless, a major hub is found for ATP4A (Fig. 4d) . This hub points to LXR/RXR activation, and Fig. 4e shows that 4 of the 7 identified mRNAs are associated with this signaling pathway. This result suggests that if this strategy for automatically identifying functionally important RNAs has importance for the dependent functions, but also in identifying the potential functions of these unknown proteins.
2.10.
Functional annotation of the amygdala RNA signature Table 3 shows the top 13 RNAs that are elevated in the amygdala, compared with expression of the same genes in Brodmann Area 25, ACC, and hippocampus. The top RNA in this brain region is a novel microRNA. The sequence, which is shown at the foot of Table 3 , and in Fig. 5d , presently lacks an identified target mRNA. The amygdala canonical pathway analysis in Fig. 5a identifies two different significant signaling pathways: "semaphorin signaling in neurons" and "glutamate receptor signaling". As summarized in Fig. 5e , the #2 mRNA, NR2F2, also known as COUP-TFII, controls patterning the assembly of the amygdala through the semaphorin receptors neuropilin 1 and 2 (Tang et al., 2012) . DPYSL2, also known as Of the 13 ACC-specific RNAs, 4 of them (ca. 25%) are associated with LXR/RXR signaling. These are nuclear receptors which are metabolic products of vitamin A, for which mRNA levels are significantly reduced in the postmortem dorsolateral prefrontal cortex/anterior cingulate cortex (ACC) from elderly depressed patients who did not die from suicide (Qi et al., 2013) .
CRMP2, also mediates semaphorin signaling (Uchida et al., 2005) , not only in primate brain but also in zebrafish (Morimura et al., 2013) . DOK6, a guide for axonal growth also interacts with NR2F2/COUP-TII and semaphorin, albeit by a less understood mechanism. Thus this novel method of distinguishing amygdala RNAs from those of other brain regions in the fronto-limbic circuit automatically identifies parts of the mechanism underlying assembly of the amygdala itself. Glutamate signaling is important for acquisition of long term fear memories in the amygdala (Li and Rainnie, 2014) . Consistently, the #4 mRNA in Table 2 is SLC17A6, a gene also known as vesicular glutamate transporter 6, or VGLUT2, which serves as a marker for glutaminergic axons (Uezato et al., 2009) . The IPA network analysis (Fig. 5b) connects SLC17A6/VGLUT2 to the key hub, ubiquitin (UBC), which has most recently been associated with neurodegenerative diseases (Kessler, 2013) . Relevant to the amygdala itself, it has been reported that deletion of Vglut2 expression in the cortex, hippocampus, and amygdala of preadolescent mice, results in increased locomotor activity, altered social dominance and risk assessment, decreased sensorimotor gating, and impaired long-term spatial memory (Wallen-Mackenzie et al., 2009). Importantly, inasmuch as rodent and primate exhibit many differences, we include this reference to mouse only as a hypothesis. In addition, a large fraction of the neurons in the amygdala that project to the nucleus pontis oralis, a brainstem site crucial for generation and maintenance of active (REM) sleep, exhibit VGLUT2 immunoreactivity (Fung et al., 2011) .Thus of 13 RNAs identified as the amygdala signature, at least four are closely correlated with known relationships to amygdala structure and function. Another is directly correlated with the glutaminergic transmission mechanism itself.
2.11.
Functional annotation of the hippocampus RNA signature Table 4 shows the top 23 RNAs that are elevated in the Hippocampus, compared with expression of the same RNAs in Brodmann Area 25, amygdala, and anterior cingulate cortex. The top RNA in this brain region is Y-RNA, which is more than 10-fold more frequent than in the other regions. Y-RNA is required for chromosomal replication, and is known for its multiple sequences of unpaired pyrimidines ("Y's") (Teunissen et al., 2000) . Y-RNA is highly conserved throughout tetrapod evolution (Perreault et al., 2007) , and homologues can also be found in nematodes (Boria et al., 2010) . The protein binding partner in brain is MATR3, a protein in the nuclear matrix (Yamazaki et al., 2014) , Binding between MATR3 and Y-RNA is enhanced by cAMP-activated phosphorylation of MATR3 (Yamazaki et al., 2014) . MATR3 functions include mediating the DNA damage response as a target for the nuclear protein kinase ATM (Salton et al., 2010) , and stabilizing 78 different mRNAs (Salton et al., 2011) . Among the latter are ADAMTS15, reduction of which leads to temporal lobe epilepsy (Venugopal et al., 2012) .
The second ranked RNA is mRNA for Hippocalcin (HPCA), an EF hand calcium binding protein which is localized to the hippocampus in pyramidal cells (Saitoh et al., 1993) . There it functions as a mediator of calcium signaling. Hippocalcin plays a central role in spatial learning and long term potentiation (Jo et al., 2010; Palmer et al., 2005) . HPCA also plays an important role in neuroprotection by suppressing agedependent neurodegeneration (Korhonen et al., 2005) , and by blocking Abeta-dependent neurotoxicity (Lim et al., 2012) . Fig. 6d identifies 6 mRNAs, including hippocalcin, which correlate with calcium signaling, and which also closely b r a i n r e s e a r c h 1 6 0 0 ( 2 0 1 5 ) 4 2 -5 8 correlate functionally with hippocampal function. For example, HPCA plays a direct role in long term potentiation (LTP), which is a model of learning and memory in the hippocampus. This process depends on NMDA/glutamate Receptor signaling, which is regulated by Calcium and integrin binding family member 2 (CIB2/calmyrin; RNA #8). CIB2 is also a EF hand calcium binding protein, which is found mainly in hippocampus and cortex, where it functions as a regulator of NMDA Receptor activation (Blazejczyk et al., 2009 ). Parenthetically, the CIB2 gene occurs with high copy number in patients with autism spectrum disorder (Prasad et al., 2012) , and mutations in CIB2 are also associated with Usher Syndrome type1j, a form of inherited deafness (Riazuddin et al., 2012) . HOMER3 (RNA #7) is also a calcium binding protein that binds to Amyloid precursor protein (APP) in a calciumdependent manner, and blocks production of Abeta peptides (Kyratzi and Efthimiopoulos, 2014) . A possible role in Alzheimer's Disease has therefore been postulated. Vitamin KDependent protein C (PROC: RNA # 11) plays a pivotal role in calcium-dependent blood coagulation. However, in the brain PROC is also involved in sphingolipid metabolism, has anti-inflammatory activity, protects against oxidative stress, and may play a modulatory role in cognition (Ferland, 2013) . Netrin G2 (RNA #10) is an axonal guidance molecule, which is expressed in CA3 neurons in hippocampus and adjacent cortex. We include Netrin G2 in the set of calcium signaling genes because the crystal structure shows a calcium binding site in the lamin-N-terminal binding region (Brasch et al., 2011) . Netrin G2 is elevated in tissue from temporal cortex tissue from patients undergoing surgery for intractible epilepsy (Pan et al., 2010) . Consistently, in a rat model, NetrinG2 levels rise within 6 h of kindling (seizure activation), and remain high for 30 days (Pan et al., 2010) . The involvement in epilepsy, for which the hippocampus is a classical locus for this disorder, provides a possible link to RNA-Y (RNA #1) through the protective effect of the RNA-Y binding partner MATR3 on the mRNA for ADAMTS15, reduction of which, as mentioned above, leads to temporal lobe epilepsy (Venugopal et al., 2012) . Decreased levels of NetrinG2 are also found in the temporal lobe in patients with either schizophrenia or bipolar disorder, and Netrin G2 levels are elevated by clozapine (Eastwood and Harrison, 2008 , also known as COUP-TFII, controls patterning the assembly of the amygdala through the semaphorin receptors neuropilin 1 and 2 (Tang et al., 2012) . DPYSL2, also known as CRMP2, also mediates semaphorin signaling.
Clozapine is an atypical antipsychotic medication used to treat treatment-resistant schizophrenia (Cheine et al., 1999) . Wingless-type MMTV integration site family member 4 (WNT4; RNA #13) is included in the set of calcium signaling genes because it drives calcium/NFAT signaling (Burn et al., 2011) . WNT4 is also responsible for anterior-posterior positioning in the developing vertebrate brain (Lyuksyutova et al., 2003) . WNT4 has been shown to play a role in adult brain in survival, function, and plasticity of neurons (Inestrosa and Arenas, 2010) , including adult hippocampal neurogenesis (Lie et al., 2005) . WNT4, via the upstream wingless (Wnt)-frizzled (Fz) signaling pathways, has also been found to impact mood disorders and may therefore be important for symptoms of depression originating from the hippocampus (Duman and Voleti, 2012) . GDNF family receptor alpha 3 (GFRA3: RNA # 16) marks neurons in the pyramidal layer of Ammons's Horn, and in the hilus and granular layer of the fascia dentata (Serra et al., 2005) . Expression varies as a function of age, and functions to promote both neuronal survival and regulate differentiation (Sariola and Saarma, 2003) . Thus both WNT4, and GFRA3 play vital roles in the differentiation and function of the hippocampus.
The third ranked RNA in the hippocampus is the mRNA for transthyretin (TTR), a retinol binding protein recently shown to be significantly reduced in CSF and plasma from schizophrenia in patients (Wan et al., 2006) . The entire network of retinoic acid signaling genes is expressed in different regions of the rat brain, including hypothalamus (Helfer et al., 2012) , where retinoic acid metabolites and Wnt/β-catenin are both regulated by the photoperiod. TTR mediates uptake and transport of retinol (vitamin A), for downstream conversion into the retinaldehyde and retinoic acid, and subsequent signaling. These signaling ligands regulate expression of the Alzheimer Disease related amyloid precursor protein (APP), analogous with HOMER3 (#7). Retinoic acid signaling in hippocampus is itself driven by calcium signaling (Kim et al., 2014) , and regulates 4 genes: LMO1 (#6) (Rice et al., 2004) ; TTR (#3) (Brouillette and Quirion, 2008) ; AQP3 (#9) (Song et al., 2008) ; and shares regulation of Netrin G2 (#10) (Korecka et al., 2013) with the calcium signaling mechanism.
Discussion
The fronto-limbic circuit, which manages executive function, learning and memory, emotions, and fear behavior, has been of clinical and academic concern for more than 100 years (Newman and Harris, 2009; Papez, 1995; Shah et al., 2012; Triarhou, 2008) . These are functions that most distinguish humans, and to a large extent non-human primates, including Rhesus macaque, from lower animals. Yet how the components of the circuit function, both as individual units in the circuit, and as an integrated circuit, remains poorly understood. Here we have identified RNA transcript markers which significantly discriminate among four regions of the fronto-limbic circuit: Brodmann Area 25, amygdala, anterior cingulate cortex (ACC), and Hippocampus. By using an algorithm to distinguish the most regionspecific RNAs from among 9320 RNAs that are accurately detectable in specific brain regions, we have identified small subsets, of ca. 25 RNAs each, that have critical developmental 
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and clinical importance for each of the regions. These findings include dopamine receptor and NFκB signaling in Area 25; semaphorin and glutamate receptor signaling in amygdala, long term potentiation (LTP), NMDA signaling, bipolar depression and temporal lobe epilepsy in hippocampus; and vitamin A metabolism in the ACC. This initial analysis enriched for RNA transcript markers which characterize the most important individual functions of these regions in the fronto-limbic circuit. Only the ACC remains an enigma in this analysis because almost half of the ACC-specific RNAs code for proteins with no currently known function. In addition, the #1 gene is abundant relative to the other three limbic areas, but is a non-coding RNA of unknown function. Presumably identifying the function of these unknown proteins, and non-coding transcripts may significantly shed functional and developmental light on the ACC. These RNA signatures are thus valuable additions to the neurobiology toolkit by providing molecular mechanisms responsible for regionspecific development and differentiation, and for identifying potential therapeutic targets of psychological and psychiatric disease that are considered to characterize each region in the circuit.
3.1.
Functional importance of RNA signatures and region-specific organizing signaling networks in the fronto-limbic circuit Circuitry in the brain is often used as an integrating paradigm to explain complex behavior. Simplistically, connections within the fronto-limbic circuit integrate executive function and cognition with anxiety and fear memories, which have evolutionarily important functions for survival and propagation of the species. This integrative function reaches an apogee in primate brain. However, to understand how the different regions of the circuit work, a certain level of reductionistic analysis has always been needed. We find that all regions in this circuit share approximately 9320 genes. Thus identifying which ones are important for regional function is challenging if the approach is one-geneat-a-time. In fact, this one gene-at-a time approach, taking over a The key to understanding the integrating principal in the hippocampal RNA signature is the common calcium-activation properties shared by 6 of the RNAs, and the interactions through common hippocampal functions. These include LTP (long term potentiation), a learning and memory model, epilepsy, cognition, bipolar depression, and schizophrenia. One of the genes (NetrinG2, #10) is a target for clozapine, an anti-schizophrenia drug.
century to perform, has yielded the information we needed to validate the algorithm-dependent "automatic" identification of functionally important RNAs in just four regions of the frontolimbic circuit. The algorithm thus has the advantage of filtering out contributions from common cellular elements such as glia or blood vessels. This results in limiting identifications to mostly neuron-specific RNAs. The integrating principals, represented by manually curated "hubs" in each of the Figures, may only be important as helpful management tools. Alternatively, they may truly represent functional differences for neurons in each of the four regions. The fact that the RNA signatures for each of the regions are so different suggests that these management tools may have some mechanistic significance.
3.2.
Novel method for accessing internal brain regions for analysis from intact, frozen brains
The region-specific RNA signatures are possible because of an important methodological advance, described here for the first time, that allows for micropunching interior brain regions from frozen intact brains, and obtaining quality RNA from those micropunches. Most available sources of brain for molecular analysis are in brain repositories where the samples are kept frozen at À 80 1C. The consequence is that regions from the surface of the frozen brain can be easily chiseled off for analysis (Somel et al., 2010) . However, internal brain structures, including most of the component regions of the fronto-limbic circuit, are not immediately available. Here we have solved this problem in the following way: (i) by developing a brain block suitable for holding the Rhesus macaque brain in a reproducible manner for coronal slicing; (ii) by lowering the temperature of the solid brain to ca. À 10 1C for a limited time; (iii) by heating the individual knife blades to 75 1C just prior to use; and (iv) by immersing each slice immediately in powdered dry ice to return the sample to the À 80 1C condition. This method thus exposes the sub-zero solid brain for only a limited time to higher than À 80 1C conditions. Second, while the hot knife cuts through the frozen brain, it may also heat-inactivate susceptible enzymes that may be exposed on the cut surfaces as the hot knife passes through the tissue. However, cryostat sections for micropunching came from deeper within the 6 mm initial slice, and were therefore are ca 1 mm away from the transiently heated, cut surfaces (see Section 2.5). The new method, therefore, reproducibly generates high quality RNA from which functional insights into brain function can be dependably inferred. We have also used this technique on frozen segments of human brain, and on fresh NHP brain, with equivalently high quality yields of RNA. We therefore believe that this new method of accessing deep structures in frozen, intact brain will permit more efficient use of existing human brain bank samples.
3.3.
Studies of non-human primate brain provide valuable for insights into human brain function Increasing attention is presently being given to the NHP brain, as a more accurate model for human brain structure and function (Hara et al., 2012; Lu et al., 2012; Marvanova et al., 2003) . For example, it has recently been reported that the genomic responses of the mouse to injuries as diverse as infection, burns, and trauma do not significantly phenocopy the temporal relationships of gene expression in response to parallel injuries in humans (Seok et al., 2013) . Furthermore, many centrally mediated drug side effects that are readily observed in humans, can also be observed in NHPs, but are not easily accessible in pre-clinical rodent models (Porsolt, 2013) . A telling example for specific behavioral parallels between NHP and humans is a depression-susceptibility orthologue in the Rhesus macaque genome for a common human polymorphism of the serotonin transporter gene (rh5-HTTLPR(s)). NHPs bearing this polymorphism have similar behavior and brain morphology to humans with the same polymorphism (Jedema et al., 2010) . This polymorphism also impacts on the human cingulate-amygdala interactions associated with susceptibility to depression (Pezawas et al., 2005) , and also alters the functional integration of emotional information between amygdala and medial prefrontal cortex (Brodman Area 25). Deep brain stimulation of Area 25 has been successfully deployed for treatment of Major Depressive Disorder (MDD) (Kennedy et al., 2011; Mayberg et al., 2005) . By contrast, an operational definition of susceptibility to depression in rodent models is a significant challenge. However, since rodent brain and behavior will remain an important experimental system for the foreseeable future, we suggest that the close genomic relationship between NHP and human changes, measured over a lifetime (Somel et al., 2010) , can be used with confidence to verify the human-relevance of easily studied behavioral and genomic responses to aging, drugs or injury in the rodent brain. Our focus on NHP genomics, brain and behavior is therefore of particular importance as 21st century neuroscience inexorably turns towards identifying biological pathways in human brain that contribute to complex cognitive and emotional behavior (Hariri et al., 2006) .
4.
Experimental procedures
Animals
All animal studies were approved by the Uniformed Services University University of the Health Sciences (USUHS) Institutional Animal Care and Use Committee (IACUC) and were conducted in a facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC). Frozen NHP brains were also obtained from Tulane Primate Center.
RNA isolation from micropunched brain regions
Tissue micropunches in QIAzol reagent were homogenized using a Bioruptor Standard UCD-200 (Diagenode, Denville, NJ) for 2 cycles of 30 s on and 30 s off at high power. After incubation at room temperature for 5 min, total RNA was isolated using the miRNeasy Mini Kit (Qiagen). A final elution volume of 30 μL of RNAse free water is added to the spin column and centrifuged at 412,000 rpm for 1 min. Isolated total RNA concentration is quantified on a NanoDrop ND-1000 Spectrophotometer (Thermo Scientific, Wilmington, DE) and integrity is determined on an Experion Automated Electrophoresis System (Bio-Rad) before storage at À 80 1C.
4.3.
RNA expression analysis of micro-punched brain tissue by sequencing (mRNA-seq)
RNA samples with RNA integrity number values 47.0 were used as input for sequencing library preparation using the TruSeq RNA Sample Preparation Kit v2 (Illumina, San Diego, CA). Sequencing libraries were validated for size and integrity using an Experion Automated Electrophoresis System (BioRad), and library concentration was determined using the KAPA Library Quantification Kits for Illumina (KAPA Biosystems). 12-15 pmol of Library were used as input for clustering by a c-Bot (Illumina) using the TruSeq PE Cluster Kit-GAIIx (Illumina) before sequencing on a Genome Analyzer IIx (Illumina). Sequencing was performed as a multiplex with paired-end reads of 68 bp length with an indexing read of 7 bp in between sequencing reads. FASTQ data were generated using CASAVA, and raw reads were analyzed and groomed using FASTQC and FASTQ Groomer, respectively. FPKM values for transcriptome expression levels were generated using Bowtie 2, TopHat 2 and Cufflinks 2 and the Rhesus macaque reference genome (MMUL 1.0 latest genebuild May 2010). FPKM values were used for Comparative Marker Selection and differential gene analysis by Cuffdiff (see Fig. 2e ).
4.4.
Analysis algorithm to identify region-enriched or -specific RNA transcripts in primate brain
One task of our analysis was to identify transcripts which are enriched in one of the four brain regions relative to the other three, and do so for each of the four regions. We identified the candidate differently enriched transcripts in each specific brain region from a subset of accurately detected transcripts with FPKM values 41.0. This subset of 9320 transcripts was analyzed using Comparative Marker Selection in GenePattern 2.0 (Broad Institute, MIT) to identify marker transcripts with p-value o0.05. Candidate transcripts were then tested for a FPKM fold-ratio 42.0 as compared to all other brain regions individually. Furthermore, candidate differentially enriched transcripts were only selected if these conditions were satisfied in both of the subjects profiled. FPKM values of region-specific differences in expression were tabulated.
Bioinformatics of region-specific RNAs
The set of region-specific RNAs were used as input for pathway analysis in Ingenuity Pathway Analysis (IPA) software platform to test for significant connectivity in transcript function, pathway, regulatory activity and/or mechanism relationships. The network analysis identifies "hubs" to which multiple targets may connect as "spokes". High occupancy hubs are considered to identify important functional integrators. Manual curation of the knowledge base from this analysis identified contextual hubs that were not apparent from simple relationships.
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